Highly purified rat brain myelin was solubilized in Triton X-100 and myelin phospholipid N-methyltransferase was characterized. The enzyme activities were separated by isoelectric focusing and ion-exchange chromatography. The phospholipid methyltransferase has shown at least four peaks of activity with plapp.
INTRODUCTION
Phospholipid N-methyltransferase (PLMTase; EC 2.1.1.17) catalyses phosphatidylcholine (PC) synthesis by three successive methylations of phosphatidylethanolamine (PE) through the intermediate phospholipids, phosphatidyl-N-monomethylethanolamine (PME) and phosphatidyl-N,N-dimethylethanolamine (PDE), with S-adenosylmethionine (SAM) as a methyl donor [1] . Methylation of PE has been associated with a number of cellular events, including signal transduction and synthesis of arachidonate-rich PC [2] . On the other hand, conversion of PE into PC is the only known pathway for the biosynthesis of choline in the body, other than from the diet, which may be of special importance for brain tissue [3] .
Different forms of PLMTase were reported to exist in rat brain synaptosomes [4] , rat [5] and mouse liver [6] , erythrocyte membranes [7] and adrenal medulla [8] . In yeast, two genes encoding different methyltransferases were cloned, one catalysing PE monomethylation and another all three methylation steps [9] . On the other hand, a number of reports maintained the view that one enzyme is responsible for all three methylation steps and that conclusions based upon kinetic data and bivalent cation requirements may be misleading [10] . The purification of a single polypeptide of basic nature from rat liver microsomes, which catalysed all three steps of PE N-methylation [11] , appeared to confirm that view. However, the same authors noticed later that extended electrophoresis resolved two (or possibly three) isoforms of purified methyltransferase [12] . The most recent report also clearly indicated the presence of at least two different forms of PLMTase in rat liver 113].
Myelin is a specialized extension of the plasma membrane of oligodendrocytes in the central nervous system (CNS) which wraps around axons and provides insulation for, and facilitation of, axonal saltatory conduction. It consists of 70-75 % of lipids and the earlier concept of myelin as an inert membrane sheath has been revised and it is known to contain numerous enzyme activities, more than half of which are involved in lipid metabolism [14] . The importance of myelin studies comes from the involvement of myelin in a number of severe demyelinating SDS/PAGE separations suggested that rat brain myelin contains three acidic and at least one basic phospholipid-methylating isoenzymes and that the major isoenzyme in each case is approx. 65 kDa in size. While the predominant product of the reaction catalysed by all detected isoforms was monomethylated phosphatidylethanolamine, the least acidic isoform (plapp 6.2) also formed about 20% phosphatidylcholine, suggesting that these isoenzymes may play different roles in vivo.
diseases to which the CNS is susceptible. Hattori with co-authors [15] documented the presence of phospholipid methylation activities in both axolemma-and myelin-enriched fractions from rat brain and methylation of PE was found to be very active in axon [16] . The presence of PLMTase in highly purified rat brain myelin has recently been reported [17] and it was claimed that two forms of the enzyme existed which differed in their affinity for SAM, solubilization characteristics and mode of inactivation by trypsin.
Here we report evidence for the presence of differently charged forms of PLMTase in detergent-solubilized rat brain myelin. We also present data on the molecular mass of these forms. Some preliminary results have been reported [18] .
MATERIALS AND METHODS Materials Phospholipids (PE, PME, PDE and PC), S-adenosylhomocysteine (SAH) and S-adenosyl-L-methionine (SAM) were purchased from Sigma and [3H-methyl]SAM (specific radioactivity 70-75 Ci/mmol) was from New England Nuclear-Du Pont. BioLyte 3/10 ampholyte for isoelectric focusing (IEF) was obtained from Bio-Rad. Triazine-activated agarose 4XL was purchased from Affinity Chromatography Ltd. Silica gel plates (Alugram Sil G/UV254) were supplied by Camlab. Ultrafiltration membranes YM-10 (cut-off 10000 Da) were from Amicon. GELCODE colour silver stain kit was from Pierce. Water was of MilliQ quality. Other reagents were obtained from commercial sources and were of reagent grade.
Isolation and solubilization of myelin Myelin was isolated from Wistar rat brains according to the method of Norton and Poduslo [19] with the modification described in [20] for greater purity. All manipulations were performed at 4°C unless otherwise specified. The brains from two rats (10 weeks old) were usually used for each preparation. For solubilization the highly purified myelin was suspended in Abbreviations used: CNS, central nervous system; IEF, isoelectric focusing; plapp., apparent isoelectric point; PE, phosphatidylethanolamine; PDE, phosphatidyl-N,N,-dimethylethanolamine; PME, phosphatidyl-N-monomethylethanolamine; PC, phosphatidylcholine; PLMTase, phospholipid Nmethyltransferase; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine. Individual phospholipid products ofthe reaction were analysed by applying aliquots of organic phase to a silica gel TLC plate which was then developed either in a solvent system of chloroform/ethanol/triethylamine/water (4:5:4: 1, by vol.) (system A) or n-propanol/propionic acid/chloroform/water (3:2:2: 1, by vol.) (system B). Phospholipids were visualized by 0.12 % Rodamine 6G solution and distribution of radioactivity on a plate was determined by radiometric scanning on the Berthold Tracemaster 20 radioactivity scanner. Spots corresponding to products of PE N-methylation were scraped off a TLC plate and radioactivity associated with them was determined by scintillation counting. HPLC analysis of the extracted phospholipids, performed as described [22] , was used to further confirm the identity of radiolabelled phospholipids.
Isoelectric focusing of myelin PLMTase
Solubilized myelin was brought to 50 ml with water, Bio-Lyte 3/10 ampholytes and Triton X-100 were added to a final concentration of 20% and 0.5 % respectively, and the proteins were focused in a Rotofor IEF Preparative Cell (Bio-Rad) for 4-5 h (until the voltage stabilized) at 4 'C. Harvested fractions were assayed for PLMTase activity after adjusting their pH to 8 without removal of the ampholytes. Active fractions were pooled, diluted with water (according to the manufacturer's recommendation) and refocused over a narrower pH gradient. Fractions obtained thus, containing PLMTase activity, were concentrated by ultrafiltration on YM-10 membrane and subjected to affinity chromatography.
Affinity chromatography on SAH-agarose
Triazine-activated agarose 4XL (0.2 g) was wetted in water for 30-40 min, filtered and dispersed in 4 ml of 100 mM NaHCO3 buffer (pH 9) containing 5 mg of SAH. The suspension was slowly spun for [14] [15] [16] The sample (1 ml) was applied to the column and recirculated [8] [9] [10] times and the column then washed with the equilibration buffer (up to 10 ml) to elute non-specifically bound proteins. PLMTase was eluted with 10 mM K2HPO4 (pH 8.0) buffer/ 1 M NaCl/ 10 mM 2-mercaptoethanol/0.5 % Triton X-100.
Preparative SDS/PAGE of myelin Myelin was mixed with 5 Laemmli [23] . The fractions were collected (4 ml) at a flow rate of 1 ml/min and protein elution was monitored at 280 nm. All fractions which were eluted after the dye front were pooled, two at a time, concentrated by ultrafiltration through a YM-10 membrane, washed with 200% ethylene glycol to remove SDS, and finally reconstituted in the standard PLMTase assay buffer. Concentrated fractions were assayed for PLMTase activity in the presence of 10 ,ul ofPE/PME mixture.
Ion-exchange chromatography on Q-Sepharose Fast Flow Solubilized myelin (2 ml) was loaded on the Q-Sepharose Fast Flow packed column (1.6 cm x 11 cm) equilibrated with 20 mM phosphate buffer (pH 8.0) containing 0.5 % Triton X-100 (buffer A). The column was washed with 60 ml of buffer A at a flow rate of 2 ml/min and then with 60 ml of a linear gradient, 0-100 %, of buffer A containing 1 M NaCl (buffer B) and finally with 40 ml of buffer B. Protein elution was monitored by absorbance at 280 nm. Fractions (4 ml) were collected and assayed for PLMTase activity.
SOS/PAGE and protein concentration determination
Rapid protein gel electrophoresis analysis of the samples was performed on Mini-Protean II Cell mini-gels according to Laemmli [23] . The gels were silver stained with a GELCODE colour kit. The intensity and colour of protein bands on the gel were used for protein quantity estimation after re-focusing and affinity chromatography steps when protein concentration was extremely low. Otherwise proteins were quantified by the method of Bradford [24] with BSA as a standard (Triton X-100 was included in the buffer).
RESULTS

Separation of differ;ntly charged PLMTase isoforms
The procedure employed for myelin isolation allows us to obtain highly purified myelin where the sum of all contaminants is well below 5 % [25] . The presence of PLMTase in rat brain myelin, in agreement with the reported data [17] , was confirmed by the increasing specific activity of the enzyme during the 4-step myelin isolation and its constant level (28 conditions were chosen to be identical throughout the purification and, although neither PE nor PME nor PDE affected PLMTase activity of the highly purified myelin and the product formation (not shown), the addition of PE/PME mixture was made to provide an exogenous substrate for the enzyme at the later stages Some phospholipid methylation activity was also detected at highly acidic plapp. below 4. When the '4-5 methyltransferase' peak of activity (fractions 4-12) was refractionated, over the effective pH gradient 4-7, three distinct peaks of phospholipid methylation activities were detected (Figure lb ), corresponding to P'app 4.5, 5.2 and 6.2. TLC analysis of the products of PLMTase showed (Figure 2 ) predominant formation of PME (more then 90% of total phospholipid-incorporated radioactivity) by all acidic isoforms with the exception of the plapp. 6 .2 isoform, which incorporated about 20% of radioactive methyl group in PC along with about 80 % in PME under identical assay conditions (Figure 2c ). The RF value of the formed radiolabelled PME was just slightly higher than that of standard diacyl-PME, possibly suggesting the labelling of plasmalogen monomethyl ethanolamines. Since the efficiency of 3H scanning is low, Myelin protein was subjected to preparative reducing SDS/electrophoresis on a 10% acrylamide gel column and collected fractions were assayed for the PLMTase activity as in the Materials and methods section. The elution positions of the prestained molecular-mass standard proteins were determined by running them on an identical gel column. The dye front was eluted mainly in fraction 7 . The estimated molecular mass of the eluted PLMTase forms is indicated (in kDa).
products of PE methylation was confirmed by using another TLC system and HPLC (results not shown). Less than 50% of radioactivity, as determined by liquid scintillation of the corresponding scraped TLC spots, was incorporated in PDE by all detected isoforms of PLMTase. The refocusing of the '8-10 methyltransferase' over the pH gradient 7-10 did not yield a tighter focusing, and subsequent IEF over the full pH gradient (3-10) yielded instead a broad peak of PLMTase activity with maximum at plapp 8.4 (Figure 1c ). TLC analysis of the products of the reactions catalysed by this activity showed that, similarly to the plapp. 4 .5 and 5.2 PLMTase activities, PME was the major radioactive product (results not shown). The results of purification are given in Table 1 remainder which was eluted with 1 M salt (highly acidic proteins) (not shown).
Molecular mass of PLMTase isoforms
In order to estimate the molecular mass of myelin PLMTase column SDS/PAGE was used. The results showed that the major forms of the myelin PLMTase activity were eluted from the column with molecular masses of 60-70 kDa and approx. 100 kDa (Figure 3) . A little PLMTase activity was detected at approx. 20 kDa. Total recovered PLMTase activity, however, was poor, most likely due to the incomplete renaturation of the enzyme after SDS treatment.
The high affinity of PLMTase for SAH has been previously used for partial purification of the enzyme by affinity chromatography [6, 26] . Using conditions similar to those used by Kim et al. [27] for SAH coupling to the affinity medium, we were able to characterize further the active fractions from the IEF experiments. Thus, the active fractions containing PLMTase recovered at different plapp. values were purified on the SAH-agarose column (Figure 4 [13] . Assuming the same is true for the myelin PLMTase, one can imagine how these differences in the sequence may result in the different plapp values. The possible acidic nature of liver PLMTase (pl 4-5) was noticed once [29] [12] .
Quite unexpectedly, it was noticed during the experiments that the total recovered PLMTase activity increased after the first separation step (either IEF or Q-Sepharose chromatography), although this was also noted with liver PLMTase purification [11] . Possible explanations of this phenomenon may include removal of the endogenous inhibitor(s) for PLMTase or the more favourable (for PLMTase activity) detergent-lipid-protein ratio which resulted from separation forces. These propitious conditions may also explain, at least partially, the dramatic increase in the enzyme activity after refocusing, although the increase could be provided by the superior resolving power of IEF alone.
SDS/PAGE analysis of the active fractions obtained after refocusing of '4-5 PLMTase activity' revealed heterogeneity in was the major band detected on SDS/PAGE of the active IEF fractions after final purification on SAH-agarose (Figure 4) .
The column SDS/PAGE results ( Figure 3 ) further reinforced the hypothesis that the -65 kDa band (or close set of bands) on slab SDS/PAGE corresponded to rat brain myelin PLMTase. The nature of other detected molecular mass peaks of the myelin PLMTase activity is unclear at present. It is possible, however, that the small amount of activity recovered at around 20 kDa corresponds to a similar form of PLMTase in liver.
Maintenance of the PE/PC ratio (which changes in chronic multiple sclerosis tisstue plaques [32] ) may be a role of phospholipid methylation in myelin. This may be important as it was shown that the charged polar groups of the phospholipids can interact with myelin basic protein in vivo and modifications of these groups may affect the structure and function of the membrane [33] . Therefore, activity of the PLMTase may have a part in maintaining myelin structure. The observation that a decreased level of SAM is associated with demyelination [34, 35] also supports this view.
In summary, the results of this study indicate the heterogeneity of PLMTase in rat myelin. The existence of three acidic and at least one basic phospholipid-methylating isoenzymes, with the major isoenzyme in each case being approx. 65 kDa in size, provides one explanation for this heterogeneity. The phospholipids synthesized by these differently charged forms of PLMTase were predominantly monomethylated ethanolamine lipids, possibly plasmalogens, although one isoform (pIapp. 6 .2) also formed appreciable amounts of PC. The availability of the pure enzyme should allow further understanding of the roles and physiological significance these forms of PLMTase may have.
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